Impurity diffusion in -Ti and -Zr is characterized by fast interstitial diffusion of small atoms and slow substitutional diffusion of large atoms. The mechanism of the fast diffusion is discussed on the basis of the several features: the effect of -phase transformation, the diffusion anisotropy, the atomic size effect and the correlation between solubility and diffusivity. The temperature dependence of the diffusion coefficients of all the solutes and solvent Ti studied in -Ti follows the Arrhenius law, whereas in -Zr, all the elements studied with exception of Ti show downward curvatures that follow the self-diffusion behaviour in -Zr. The influence of ultra-fast diffusion impurities on the diffusion process in these matrices, as well as the possibility that different mechanism acts in each matrix is analyzed.
Introduction
Ti and Zr belong to the IV-B column of the Periodical Table. Both metals have been widely applied in technologically advanced industries. Both Ti and Zr exhibit a bcc () structure at high temperature and a hcp () structure at low temperature. The transformation temperatures T = are 1155 K (0:68T m ) for Ti and 1136 K (0:62T m ) for Zr. Here T m is the hypothetical melting temperature of the -phase.
Despite the widespread use of -Ti and -Zr in the industries, most of the diffusion studies were initially done in their -phase. A pronounced curvature was observed in all the Arrhenius plots for self-diffusion and substitutional solute diffusion and this curvature was also observed in other bcc metals. This behaviour was considered as an intrinsic property produced with a phonon softening of the LA 2=3 h111i mode (for an extended explanation see Ref. 1 
)).
Measurements in an extended temperature range were performed in the -phase, hcp of Ti and Zr, applying techniques which allow the determination of diffusion coefficients below 10 À17 m 2 s À1 . The ultra fast diffusion coefficients were measured by lathe machine sectioning technique, while the slow diffusion coefficients were determined by IBS (ion-beam sputter-sectioning technique), RBS (Conventional Rutherford Backscattering Spectrometry), HIRBS (Heavy Ion Rutherford Backscattering Spectrometry) and SIMS (Secondary Ion Mass Spectrometry). A downward curvature in the Arrhenius plots was observed in the selfdiffusion in -Zr whereas the self-diffusion in -Ti exhibited a normal diffusion behaviour.
This article reviews the diffusion studies in Ti and Zr hcp phase. In the section 2, the data of ultra fast diffusion in -Ti and -Zr are summarized and the diffusion mechanism is discussed. The data available in -Zr measured in a large temperature range for self-diffusion and substitutional diffusion are shown in the section 3, while the -Ti data are compiled in the section 4. In the section 5, the influence of the presence of ultra fast impurities in the diffusion process is summarized and finally, in section 6, the existing models in this subject are analyzed and a new approach to the problem is presented. In the section 7 the summary and conclusions are shown.
Ultra Fast Diffusion in -Ti and -Zr

Ultra fast diffusion in -Ti
Earlier diffusion measurements on titanium were made by using polycrystalline materials; impurity diffusion coefficients of Ni, 2) were reported. Although these data are useful for practical purpose, the determination of the diffusion coefficients using single crystals along the principal crystallographic directions is essential for the basic understanding of the diffusion process. In 1983, Nakajima et al. 3) reported the diffusion coefficients of Co in single crystal -Ti. Subsequently systematic measurements were made for the diffusion of Fe, 4) Ni, 5) Mn, 6) Cr 7) and P. 8) These data are compiled in Fig. 1 . Two remarkable features are listed:
(i) The transition metal elements and phosphorus exhibit fast diffusion, which are three to five orders of magnitude faster than the self-diffusion. (ii) The diffusion parallel to the c-axis is faster than that perpendicular to the axis except for P. It is generally believed that the vacancy mechanism is operative for self-diffusion and also for substitutional impurity diffusion; most of metallic impurity atoms dissolve as substitutional atoms. For such cases, the diffusion coefficients of impurity atoms D i are expected to be of similar magnitudes to that of solvent self-diffusion D s . Figure  2 shows the ratio of D i =D s for various elements in four matrix metals, copper, iron, lead and -Ti. 9) In copper, Sb is the fastest diffuser among various metallic solute elements, while Nb is the slowest; the ratio D i =D s ranges from 1/30 to 20. In iron, the ratio for all the metallic solute diffusion ranges from 1/10 to 10. In the same matrix carbon and nitrogen diffusivities are very high since these elements occupy the interstitial positions and diffuse by the interstitial mechanism.
Fast diffusion of metallic solute elements in metal crystals was first recognized for Au diffusion in lead in 1896. 10) In 1960 or thereabout, a number of systems were found to exhibit fast diffusion: monovalent metals, the polyvalent metals, the lanthanide metals, the actinide metals and semiconductor. 11) Transition metal elements such as Fe, Co and Ni are very fast diffusers in Ti, Zr and Hf. Although the details of the mechanism of such fast diffusion are still controversial, some type of interstitial mechanism is believed to be operative on the basis of the following considerations.
Effect of allotropic transformation on diffusion
On transformation from the (hcp) to the (bcc) phase, the diffusivity shows some changes. The ratios D =D at the transformation temperature 1155 K are:
Ti Cr Mn Fe Co Ni P 310 1:7 1:0 0:4 0:2 0:8 1:2 where D is the value averaged over all the crystallographic directions:
While the self-diffusion coefficient of Ti exhibits a large increase on transformation, the other elements show relatively small changes. Anthony et al. 12) have observed a similar trend for thallium with Au and Ag as diffusers. They regarded this as an indication of an interstitial type diffusion of Au and Ag; if these impurities diffuse by the vacancy mechanism as in the case of self-diffusion, one should observe the increase in the diffusivity of the same order of magnitude as that for self-diffusion. The same reasoning also applies to the diffusion in Ti.
Diffusion anisotropy
The ratios of the diffusion coefficients D k =D ? at 1073 K are:
Cr Mn Fe Co Ni P 1:6 2:0 2:6 3:6 1:7 0:66
The trend D k > D ? is common for the transition metal elements, while it is opposite for P. Similar anisotropy has been observed for noble metal elements in Tl 12) and Cu inZr. 13) Hood and Schultz 13) favoured an interstitial mechanism for Cu in -Zr, and ascribed the above trend to the difference in volume of saddle point configurations for interstitial jumps in the two directions, parallel and perpendicular to the c-axis. Since the c=a ratio of Ti 1.586 is almost the same as that of Zr 1.594, the interpretation also holds for titanium.
The opposite trend observed for P may be related to the difference in the nature of bonds; semi-metallic phosphorus would interact with host titanium atoms in a different manner from that of metallic elements.
8)
Atomic size effect
Hood 14, 15) has demonstrated a correlation between atomic size and impurity diffusion in Pb and in -Zr; smaller sized atoms diffuse faster. Similar correlation seems to hold as shown in Fig. 3 , where the diffusivities of various impurities in -Ti and -Zr are plotted as a function of atomic size. Here, we adopted as representing atomic size ''metallic radii for the coordination number 12'' aftet Teatum et al. 16) Numerical values are given in tabulated form in the monograph by Pearson. 17) The radii were calculated by assuming a rigid sphere model from lattice spacings of the respective elements. For the case of non fcc crystals, the radius for the coordination number 12 was deduced by appropriate processing of original data. These radii are said to be the most suitable set to use for metallic alloys. As seen in the figure, the trend that smaller atoms diffuse faster is evident. In particular, Co, Fe and Ni are the smallest and the fastest in -Ti. In discussion of the fast impurity diffusion in metals, Bakker 18) pointed out that the atomic size estimated from the molar volume of pure metals is not sufficient description. He applied the Miedema-Niessen model 19) of the volume effect on alloying to the interpretation of fast diffusion in Pb and several other metals. By adopting the same model, Nakajima et al. calculated the molar volume of various elements when alloyed in -Ti or -Zr as shown in Fig. 4 . Unlike the case of fast diffusion in Pb, the two figures, Figs. 3 and 4, exhibit qualitatively similar trends.
7)
Solubility versus diffusion coefficient
It is known that fast diffusers have generally very low solubility. In Fig. 5 is plotted the solubility of various elements in -Ti and -Zr at 1100 K vs. the diffusion coefficient at 1100 K, which indicates some correlation between the two quantities.
9) It is interesting to recall the 15% empirical rule for the formation of solid solution proposed by Hume-Rothery et al.; extended solid solution can only be formed if the difference in atomic sizes of the two elements is less than about 15%. In term of molar volume, the critical value is 38.6%; solute atoms with a relative volume less than 61.4% of the solvent would not form an extensive For the data points for single crystals, the diffusivity is indicated by bars; the upper limit value is for diffusion parallel to the caxis and the lower limit value to that perpendicular to the axis, except for P. For the latter,
solid solution. In -Ti the elements Co, Fe and Ni are smalller than the critical value, as seen in Fig. 3 . It is tempting to speculate that these elements are too small to occupy the stable substitutional position, and some fraction would occupy interstitial sites.
Ultra fast diffusion mechanism
Although the details of the mechanism of ultra fast diffusion are still controversial, some type of interstitial mechanism is believed to be operative as discussed above. A dissociative diffusion mechanism, or interstitial-substitutional solute diffusion mechanism, was proposed by Frank and Turnbull, 20) which has been generally accepted by other researchers.
In identifying the mechanism of diffusion, the isotope effect has been considered to be useful. It seems appropriate to give here a brief account on the isotope effect. The diffusion coefficient D is known to depend on the isotope mass m of the diffuser. Quantitatively, the isotope effect E is defined by:
For simple situations such as self-diffusion via monovacancies in pure metals, the isotope effect may be expressed as
where f is the correlation factor and ÁK is the so-called kinetic factor. For a simple interstitial diffusion, eq. (3) is given by 21) E ¼ ÁK ð4Þ
In the case of the ultra fast diffusers, the values of E are fairly small, which is clearly different from the values for normal interstitial diffusers. Thus, the small isotope effect has been considered to be a major difficulty in accepting the interstitial type diffusion as the mechanism of atom movements for ultra fast diffusers. Ishioka et al. discussed this point in details, and suggested a possibility that ÁK can be considerably smaller than unity for some type of interstitial diffusion.
22)
Effect of oxygen on impurity diffusion in -Ti
Titanium is a reactive metal. Commercially available pure titanium contains a few thousand ppm oxygen. Therefore, it is important to know how oxygen affects the diffusion coefficient. Some of the present authors investigated the effect of oxygen on the diffusion of Fe, Ni, Mn and P in polycrystalline -Ti. Figures 6 and 7 show the temperature dependence of the diffusion coefficients as a function of oxygen concentration.
As shown in Fig. 6 , the addition of oxygen only slightly reduces the diffusivities of Fe, Ni and Mn. The Arrhenius plot of the diffusivity is virtually linear and the diffusion coefficient in the Arrhenius plot seems to be shifted downwards with increasing oxygen concentration. In other words, the activation energy remains unchanged, but the value of the pre-exponential factor D 0 decreases. Such a trend may be understood in terms of the blocking effect; the diffusivity of oxygen is about one to three orders of magnitudes smaller than Fe, Ni and Mn, so that we have regarded the sites occupied by oxygen as immobile blocking sites. 6) On the other hand, the phosphorus diffusivity is significantly reduced by the oxygen addition particularly at lower temperatures as shown in Fig. 7 ; the Arrhenius plot of the diffusion coefficient exhibits a marked curvature. Such a trend is usually explained in terms of the trapping theory. The following expression for the apparent diffusivity D a can be expressed by
where D is the normal diffusion coefficient in the absence of the trapping sites, f t is the fraction of the number of the trapping sites, v 0 is the jump frequency without the trapping sites, v 1 is the jump frequency at the trapping sites, and B the binding energy. Here oxygen atoms are regarded as immobile, since the oxygen diffusivity is very small in comparison with that of phosphorus. The binding energy was estimated to be about 230 kJ mol À1 .
8)
Ultra fast diffusion in -Zr
Some 3d transition elements (particularly Fe, Co and Ni) are also ultra-fast diffusers in -Zr. In the particular cases of -Zr, Fe 23) and Co 24) also show a downward curvature that follows the self-diffusion behaviour, as we can see in Fig. 8 . For Ni 25) the temperature range measured does not allow to note whether there is or not such curvature.
Nakajima et al. 23) found non-Arrhenius behaviour of diffusion of Fe in -Zr. The low activation energy for Fe diffusion in high temperature range is consistent with the general systematics of the atomic-size effect in diffusion, and some kind of interstitial mechanism could be the responsible for such high diffusion coefficients. The authors considered that the rapid increase in the effective activation energy, as the temperature falls below 900 K, is associated with a tendency for the Fe atoms to precipitate forming some kind of second phase structure. They presumed that to describe this phase, interactions between Fe atoms and other impurities must be taking into account; nevertheless they said that such a comprehensive consideration was beyond the scope of their work.
Kidson 24) studied 60 Co and 58 Co diffusion in -Zr using different kinds of samples (single crystals with different orientations and polycrystals) and different techniques to deposit the radiotracer; the measured diffusion coefficients show a large dispersion, even among the same kind of samples. Only the measurements performed with single crystals oriented 87 from the c-axis were done in an extended temperature range (1103 to 825) K. For these samples, the Arrhenius plot shows a break at approximately 923 K. Kidson presented the results as two linear Arrhenius plots, one above and the other below 923 K and interpreted the break as arising from the low Co solubility in -Zr below that temperature. It is possible to present these results as a curved Arrhenius plot following the -Zr self-diffusion results.
As we are going to discuss in section 6, the solubility of these ultra-fast elements in -Zr is not well defined, and the possibility that they are always forming some kind of complex with the Zr atoms must not be disregarded.
Independently of the interpretations of the data by the different authors, which is clear is that two regions can be observed in the Arrhenius plots of those elements: the high temperature one (between T = and 900 K) with a lower activation energy than the low temperature one (below 900 K), even when the amount of the impurities in the Zr samples was very different in those works. The self and substitutional diffusion, as will be shown in section 3, follow the same behaviour.
Diffusion in -Zr
Self-diffusion
Ion-beam sputter-sectioning technique (IBS) was used to measure very shallow 95 Zr radiotracer penetrations in -Zr. A pronounced curvature 26) is shown in Fig. 9 , together with a decrease of almost five order of magnitude in the self- Fig. 8 Self-and ultra-fast diffusion of Fe, Co and Ni in -Zr. Fig. 9 Self-diffusion in -Zr. 6 R. A. Perez, H. Nakajima and F. Dyment diffusion due to the -phase transition. This big difference is a combination of the enhancement in the self-diffusion coefficient in the -phase, close to the phase transition, due to the phonon softening and the transition from an open structure (the bcc one) to a high packed structure (the hcp one). The origin of the curvature is not well established. Stassis et al. 27) have performed an investigation of the temperature dependence of the vibrational modes of -Zr by means of inelastic-neutron-scattering and they found anomalies of the phonon dispersion curves. So it is possible to think in an intrinsic non-Arrhenius behaviour, like in the -phase case. However, a downward curvature observed in the -Zr selfdiffusion implies a decrease in the diffusion coefficient in the proximities of the -phase transition, and this behaviour is in the opposite direction of that expected in a phonon softening.
On the other hand, the Zr samples used in Ref. 26 ) had a purity of 99.99% with around 20 mass ppm of Fe, 28) and then it was postulated 29) that the curvature in the -Zr Arrhenius plot was caused by a solute-enhanced diffusion process due to the presence of small amounts, as a few tenths of ppm, of ultra-fast impurities like Fe (see section 2.4) and that this enhancement ceased at lower temperatures, when impurities precipitate from solution.
Another way to present these results is to define two temperature regions, one from the = phase transition 1136 K to around 900 K, region A, and a second one below 900 K, the low temperature region B. The diffusion parameters in these two regions are quite different; low diffusion parameters Q ¼ 115 kJ mol À1 and D 0 % 10 À13 m 2 s À1 close to the phase transition and high diffusion parameters Q ¼ 350 kJ mol À1 and D 0 % 1 m 2 s À1 in region B.
Substitutional diffusion
Several works were performed to measure the diffusion of impurities in -Zr, which were summarized in Ref. 30) . As mentioned in the previous section, the amount of the impurity content in the -Zr samples can play an important role in the diffusion process, and it is also important to extend the temperature range of the measurements in order to know if straight or curve Arrhenius plots are obtained. However, in fact, those works were performed in very narrow temperature ranges, close to the = phase transition, in samples with a high, or even unknown, impurities content. So we are going to limit the analysis to studies of impurity diffusion in an extended temperature range. This kind of data is scarce. Diffusion of Ti, 31) Hf, 32, 33) Pb 34) and Au 35) in -Zr matrices with an impurity content similar to that used in selfdiffusion measurements, is presented in Fig. 10 together with the -Zr self-diffusion data for comparison.
Since the atomic radius of those elements (Ti: 0.1462, Hf: 0.158, Pb: 0.175 Au: 0.1442 nm) is similar to the Zr atomic radius (0.1602 nm), a substitutional diffusion behaviour is expected. The results follow the curvature of the selfdiffusion with low diffusion parameter Q and D 0 in the region A and high diffusion parameters in the region B, see Table 1 .
The diffusion coefficients are all inside a band of almost one order of magnitude, with the exception of the Ti diffusion, and between 900 and 950 K there is a cross-link among the different Arrhenius plots.
Diffusion in -Ti
Self-diffusion
As in the -Zr case, early studies of self and impurity diffusion in -Ti matrices were performed in short temperature ranges. Those specimens had high impurity content. A summary of those measurements is in Ref. 36 ). So we are going to focus the attention in extended temperature range measurements.
Beginning with the self-diffusion, a measurement in the range 776 to 1132 K using the IBS technique is presented. 37) Ti of 99.9% (40 at ppm of Fe content) was used in this work. The Arrhenius law is obeyed but the activation enthalpy Q ¼ 193 kJ mol À1 is relatively low when compared with other hexagonal metals, which exhibit no phase transition such as Be, Mg, Zn, Cd, Tl, etc. Moreover, the preexponential factor D 0 % 1:7 Â 10 À8 m 2 s À1 is low according to semi-empirical rules. 38) Recently the self-diffusion measurement was performed in high purity (hp) -Ti material 39) which is presented in Fig. 11 together with the previous data in the less pure (lp) -Ti. The activation enthalpy Q ¼ 303 kJ mol À1 and D 0 % 1:4 Â 10 À3 m 2 s À1 are considered as normal values. As seen in Fig. 10 Substitutional diffusion in pure polycrystalline -Zr. 
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Fig . 11 an enhancement in the diffusion coefficient of the lp material is evident, and the enhancement is higher when the temperature is lower. The self-diffusion coefficients in both kinds of materials exhibit similar magnitude in the temperature close to the phase transition.
Substitutional diffusion
Diffusion of Zr, 40) Hf, 41, 42) Au, 43) Pb, 44) In 45) and Sn 46) in lp -Ti was studied by some of the present authors and published in previous works. All these diffusers obeyed the Arrhenius law, but some scatter is observed among the diffusion parameters, see Table 2 . The cross-link among the different lines in Fig. 12 is a consequence of this scatter.
When the heterodiffusion studies are performed in hp -Ti for In, 39) Ga 39) and Al, 39) Pb, 47) Ta 48) and Sn 49) a very remarkable regularity is observed in the Arrhenius plot, see Fig. 13 . Figure 13 shows parallel lines close to the self-diffusion in hp material. This regularity is also reflected in the diffusion parameters shown in 50) The diffusion coefficients are almost two orders of magnitude higher than the self-diffusion and the activation energy is smaller than the limit established in the last paragraph: Q ¼ 264 kJ mol À1 . When channeling experiments were performed, around 30% of the Pd atoms were found in interstitial positions; this was not observed when channeling experiments were performed in samples with Au diffusing inTi 43) and so, the dissociative mechanism proposed by Frank and Turnbull 20) could explain these high diffusion coefficients.
Variation of Diffusion Coefficient with Amount of Impurities
In this section we are going to summarize the data for self and substitutional diffusion obtained in -Zr and -Ti samples with different amounts of ultra-fast impurities. In particular we are going to characterize the samples according to their amount of Fe, because its presence is unavoidable in these materials and a few tenth of ppm can enhance the diffusion process significantly.
Again the simple inspection of the data shows a different behaviour between -Ti and -Zr. Let's first analyze the measurements performed in -Zr matrices with different and Hf 32) diffusion and, in a work in process, for Au diffusion in -Zr. 35) In the case of self-diffusion studied in less pure material 51) (Zr samples with around 160 AE 70 at ppm of Fe), an increment in the diffusion coefficient was observed as shown in Fig. 14 compared with the first self-diffusion studies performed in pure material (Zr samples with around 30 at ppm of Fe). The enhancement increases when the temperature increases and it is almost null around 900 K. This behaviour is opposite to the trend observed in the -Ti self-diffusion case, where the enhancement decreases with increasing temperature.
The diffusion of Hf in -Zr, 32) studied with SIMS technique, was done in two different kinds of samples with different amounts of Fe. In the first kind, called nominally pure Zr, NP, the amount of Fe present in the Zr samples varied between 24 and 98 at ppm. The second kind, called ultra-pure Zr, UP, had an amount of Fe below 20 at ppm, when the analysis was made by electron-microprobe (EM), which was also estimated as 0.5 at ppm using SIMS. The authors got these UP samples using initially NP samples and making successive annealings in order to segregate the Fe to the surface and polishing it.
All these measurements are shown in Fig. 15 . The spread of the results and the uncertainty in the measurements of the amount of Fe present in the samples make very difficult its interpretation. In particular, in the UP samples the diffusion coefficient varies almost one order of magnitude, in different measurements at the same temperature. The self-diffusion coefficients measured in both kinds of Zr samples are also shown in Fig. 15 for comparison. The same successive annealing used to get these kind of UP samples were performed in the ones used for Pb and Au diffusion in -Zr presented in the section 3.2 and such dramatic decrease in the diffusion coefficient was not observed.
Finally, the variation of Au diffusion in two different kinds of -Zr is being studied.
35) The first kind contained 50 at ppm of Fe and the second one, 105 at ppm. A behaviour similar to the self-diffusion was found: close to the T = there is a factor 5 of increment, whereas almost the same diffusion coefficient was obtained in both kinds of Zr samples at around 900 K.
Then, in the three cases studied up to now in Zr matrices with different amount of Fe, the dependence with temperature of the enhancement described above is the same, and thus it can be considered its characteristic.
A different behaviour is observed in the -Ti case. Al 39) and Ta 48) diffusion in -Ti studied in pairs of samples of different purity (2 and 150 at ppm of Fe, respectively) annealed and measured together, showed a similar behaviour to the one observed for self-diffusion in Fig. 11 of section 4.1: the Arrhenius law is always followed, no matter the amount of Fe present in the Ti samples. Lower Q and D 0 values were measured for the less pure samples. Similar diffusion coefficients were measured in both kinds of materials closed to the phase transition temperature and the enhancement was higher at low temperatures.
On the other hand, when this study was performed with Sn 49) and Pb 47) almost the same diffusion coefficient values were obtained in both kind of Ti samples. Only when the measurements of Sn were performed in commercial Ti with a high amount of impurities (more than 500 at ppm of Fe, above its limit of solubility in -Ti) the enhancement was observed with the same characteristics described in the last paragraph.
On the Mechanism of the Diffusion Enhancement
The experimental results exhibited in section 5 show clearly that the presence of an ultra-fast impurity like Fe modify the diffusion coefficient values, as well in -Zr as in -Ti. Nevertheless, not direct correlation between the amount of Fe present as impurity and the enhancement in the diffusion process seems to be founded. On the other hand, the relationship between the enhancement of the diffusion coefficients D and the temperature is different in each matrix: a higher enhancement at high temperatures in -Zr and just the opposite for -Ti. Even more, in the same matrix (-Ti), not all the diffusers are affected by the presence of Fe in the same way; e.g. 40 at ppm are required to produce an enhancement in the self-diffusion as it is shown in Fig. 11 , whereas for Sn diffusion, 150 at ppm does not produce any noticeable enhancement in D 49) ; amounts of Fe of around 500 at ppm (more than the solid solubility of Fe in Ti) are required. 46) The pre-existent models, shown in section 6.1, take only the Fe in solution as the responsible for the diffusion process enhancement. They explain the curvature in the Arrhenius plots observed in the diffusion studies performed in the -Zr matrix as a consequence of Fe precipitation at low temperatures. This idea is not supported by the experimental results, as we are going to show in section 6.1. In section 6.2, a model considering the total amount of Fe present in the matrix as responsible for the diffusion enhancement is outlined.
The existing models
Essentially two models 29, 53) were proposed to explain the enhancement described in the previous sections. Both use a complex formed by a vacancy and a Fe atom in solution as a ''rapid-pair'' defect to explain the enhancement observed.
The model proposed by Hood 29) is a qualitative one, described in terms of three main regions. At high temperatures, region I, the rapid-pair is unstable and the intrinsic behaviour is achieved; this region is not observable because of the = phase transition. In region II at intermediate temperatures (close to T = ) the rapid-pair is dominant and the Fe-enhanced extrinsic diffusion exceeds that due to the intrinsic diffusion, the extent of the difference being proportional to the amount of Fe in solid solution. Finally region III represents the range where Fe precipitation diminishes the amount of rapid-pairs and the effect of the enhancement decreases.
This proposition is not supported by the experiments; diffusion coefficients seem to be affected by the total amount of the Fe present in the samples and not only by the Fe in solution. In fact, in Fig. 14 the unshady zones represent the temperature ranges in which the Fe solubility is less than 30 at ppm according to the Zr-Fe phase diagram. 52) In these regions the amount of Fe in solution is the same for both kind of samples (the amount corresponding to the solvus line) and so, if the enhancement only depends of the Fe in solution, the self-diffusion coefficients must be equal. This is not what is observed in Fig. 14; in the unshady regions, the self-diffusion coefficients are higher in the samples with the higher total amount of Fe, even when the amount of Fe in solution is the same for both kinds of samples.
Moreover the transition between regions II and III must be given at temperature where the Fe precipitation starts; this temperature must depend on the total amount of Fe in the Zr sample, following the solvus line in the Zr-Fe phase diagram. 52) Nevertheless no evidence of such shifting is observed; instead the self and substitutional diffusion coefficients in -Zr seem to converge at around 900 K. Also for the fast diffusers Fe and Co the break observed in the Arrhenius plots occurs at this same temperature. This break at 900 K is observed in several diffusers in the Zr matrices independently of the Fe amount (from 30 at ppm 26) to 800 at ppm 24) ). On the other hand when the ultra-fast diffusion of Co inTi 54) was extended to temperatures so low as 619 K, where the Fe in solution is almost null, no break in the Arrhenius plot was observed and an excellent agreement with the previous values by Nakajima et al.
3) was obtained. Another model, proposed by Frank 53) postulates that the Fe-monovacancy rapid-pairs, which migrate extremely faster than their isolated constituents, can cover an average distance A larger than the lattice constant and also larger than the mean separation among foreign Fe atoms. When monovacancies meet Fe atoms with which they can form rapid-pairs, they perform ''super-jumps'' over distances A while they are incorporated into such pairs. This gives rise to a ''super diffusivity''
where the asterisk-marked quantities are associated to the rapid-pair as the intermediate defect state of the mechanism, and these quantities may differ from those corresponding to isolated monovacancies. Then, the diffusion coefficients of rapid-pair-enhanced self-diffusion may be written as:
where D M I is the tracer self-diffusion coefficient and C p is the atomic fraction of the foreign atoms pairing with monovacancies. Disregarding the differences between quantities with asterisks in eq. (7) and those corresponding to isolated monovacancies:
being D 0 and Q the expected values for intrinsic selfdiffusion in -Zr (5 Â 10 À5 m 2 s À1 and 320 kJ mol À1 respectively, according to Ref. 38) .
Based on the Fe diffusion in -Zr 23) work, Frank postulates that the tracer self-diffusion, which form rapid-pairs (i.e. Fe), are interrelated via
So, from the analysis of Ref. 23) where the Fe diffusion coefficients are eight to nine orders of magnitude larger than the self-diffusion ones, the atomic fraction of Fe atoms available for the formation of rapid-pairs amounted from 10 À9 to 10 À8 . In the low temperature region B defined in section 3.1, A will be determined by the mean distance that rapid-pairs travel before they arrive at vacancy sinks and is, then, temperature independent. The enthalpy term Q must be the 
being a ¼ 0:295 nm the -Zr lattice parameter. So, for C p varying from 10 À9 to 10 À8 , the super-jump varies from 1 to 0.4 mm which is between 3 and 4 orders of magnitude higher than the mean radiotracer penetration of the experimental measurements. 26) Besides, according to the model, the minimum value available for A is A ¼ a. Therefore, this model cannot explain the low
Outlines for a new model
The experimental data show that the enhancement in the diffusion coefficients due to the presence of ultra-fast impurities proceeds in a different way in the -Zr matrix compared to the -Ti case as it was shown in section 5. The temperature dependence of the enhancement is just the opposite between both matrices: close to T = , the D values have a maximum difference in the -Zr matrix whereas they converge in the -Ti case. On the other hand, close to 900 K the diffusion coefficients in the -Zr matrix converge whereas in the -Ti case there is a maximum difference at the lower temperatures. The Arrhenius law is always followed in the -Ti diffusion (with the exception of P diffusion), but a break is observed in the Arrhenius plot of self, substitutional and ultra-fast impurity diffusion in -Zr, at around 900 K independently of the amount of Fe content in the samples and the diffuser identity.
All this facts lead to think that different mechanisms are operating in each matrix. Other experimental facts are the differences observed in the superposed phase diagrams showed in Fig. 16 . The maximum solubility of Fe in -Ti is five times higher than that in -Zr and the first intermetallic reach region in the Zr or Ti is different in each matrix with a different amount of Fe needed for their formation.
In On the other hand, in the Fe-Ti phase diagram the phase with the lowest Fe content is the Ti-Fe with a cP2 structure type ClCs (Pm3m space group), with 51.3 to 54.4 mass% Fe content. In this case the temperature of the biphasicTi+TiFe extends only up to 863 K. 55) Let's focus on the diffusion enhancement in -Zr. Experimental Mössbauer data 56) on recoil implantation of Coulomb-excited 57 Fe into -Zr at 24 K shows that almost 30% of the implanted atoms sit at ''off-center'' (asymmetrical) positions around the octahedral interstitial cage (see Fig. 17 ). At high temperature the Fe interstitials can jump among these equivalent positions (in the ''cage'').
This Fe position, neither in a substitutional nor in a symmetric octahedral site, could be related to an interaction among the 4s electrons of the Fe with the 4d electrons of the Zr, which is so strong that, at least partially, this electrons are shared between both atoms and the Zr atom is shifted from the lattice node. This shift could be extended to several Zr atoms giving origin to different arrangements as the ones shown in Figs. 18(a) and (b) . These arrangement of six Zr atoms surrounding one Fe (a) or three Zr close to two Fe atoms (b) correspond to the Zr 3 Fe structure and they are the candidates to have the lower associated configuration energy.
Let's call one of these possible complexes as Zr 3 Fe embryo. The Fe is not in solid solution, thinking it as in a pure substitutional or pure interstitial site, but forming one of those embryos. This idea is supported by the variation in the values obtained for the Fe solvus line among different authors 52, 57, 58) and the segregation to the surface and precipitation of Zr 3 Fe second phase 58) even in Zr samples with an Fe content lower than the value proposed as limit of solubility.
The presence of these mobile embryos gives origin to a more open structure than the pure Zr hcp one. The total number of the embryos is proportional to the total amount of Fe, not to the Fe in solution, if any solubility at all exists. The idea of this opening of the close packed structure by the presence of complex of impurities and Zr atoms out of hcp nodes, is reinforced if we include oxygen atom in them, since oxygen is unavoidably present as impurity in the Zr samples (e.g. 300 at ppm for self-diffusion 26) ). A biggest complex than the ones shown in the Fig. 18 , with a biggest effect in the opening of the lattice, must be considered. Let's still call this new complex as an embryo until a stable configuration including the three kinds of atoms can be established.
The break in the Arrhenius plot at around 900 K observed in the self-diffusion and in some of the substitutional and the ultra-fast diffusers, (that proceeds independently of the fast impurity content in the samples) is not related to the Fe precipitation, but seems rather to be more related to the coalescence and/or trapping of the embryos at this specific temperature. Once these embryos are no longer mobiles a typical biphasic structure is established and the diffusion should proceed in the normal hcp structure.
Let's analyze the diffusion of Ti in -Zr, 31 ) the only element that shows a straight Arrhenius plot when is measured in a large temperature range. If the diffuser atom replaces one atom in the embryo (Zr or Fe) a break in the Arrhenius plot like the ones described above would be observed. But if the Ti atom replaces a Zr atom not in the embryo but in the hcp lattice position, no break will be observed, even when some extrinsic behaviour could be expected due to the lattice deformation originated by the presence of the embryos. In fact, the Fe 3d electrons are more alike the Ti 3d electrons and the hybridation with the Fe 4s electrons is less important than in the Zr case, and thus, it is more probable that a Ti atom replaces a Zr in the hcp matrix than in the embryo. With this same idea it is possible to understand why the Fe atoms can stay in solid solution in the Ti matrix in little amounts 55) and so, no Fe segregation is observed and intermetallic embryos would not be formed below the limit of solubility, in contrast with the Zr matrix behaviour.
The mechanism of the -Ti diffusion enhancement would be a simpler one. Since only one defect, with low activation energy, is responsible for the diffusion enhancement, the Arrhenius law is followed in all the temperature range and no break is observed. The Fe-vacancy rapid-pair proposed in the previous models is a possible candidate; nevertheless, in order to include the particular behaviour reported in Sn 49) and Pb 47) diffusion in -Ti, the enhancement of the diffusion process in the Ti matrix should not be related with an increase in the vacancy mobility but with an interaction among the fast impurity, the vacancy and the diffuser atom itself.
Finally we want to remark that we use these ideas in order to outline a new model for the mechanism of enhanced diffusion in these matrices. The actual form of the embryos, their mechanism of mobility and the description of the trapping-detrapping process at 900 K in the Zr matrix remain as an open question and are needed to complete a model.
Summary and Conclusions
Recent investigations on self-and impurity diffusion inTi and Zr are summarized in this overview. The self-diffusion behaviour in -Zr is influenced by small amounts of ultra-fast diffusion impurity, whereas the self-diffusion in -Ti is less sensitive to such impurity. Several models are discussed in this paper. Impurity diffusion in -Ti and -Zr is characterized by fast interstitial diffusion of small atoms and slow substitutional diffusion of large atoms. The mechanism of the fast diffusion is discussed on the basis of the several features: the effect of -phase transformation, the diffusion anisotropy, the atomic size effect and the correlation between solubility and diffusivity. The mechanism of the slow substitutional diffusion is discussed on the basis of different embryos that could be formed with the vacancy, the impurities, the diffuser and the matrix atom, taking into account the differences in the phase diagrams of Fe-Zr and Fe-Ti and the electronic structure of these metals. 
